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The rational synthesis and the structural and magnetic characterization of three different nickel clusters encapsulated
in Keggin trivacant fragments are presented. The three complexes show how it is possible to increase the nuclearity
of the clusters (from 3 and 4 to 9) by slightly changing the synthetic conditions. These three anionic clusters
crystallize as mixed salts of 'Kand Na. The trimeric complex [Ni(H20)sPW;¢036H,0]7~ (Ni3) crystallizes in

the triclinic space groupl (a = 10.896(6) A,b = 12.869(5) A,c = 20.373(6) A,o. = 94.67(6}, B = 101.12-

(8)°, y = 110.72(8), Z = 2) and presents a ferromagnetic triangular cluster. The tetranuclear complex
[Ni 4(H20)2(PWo034)2] 1% (Nig) crystallizes in the monoclinic space groBg:/n (a = 11.824(5) Ab = 16.551-

(6) A, c=21.074(5) A8 = 100.38(2}, Z = 2) and presents a ferromagnetic rhomb-like cluster. The nonanuclear
complex [Nb(OH)z(H20)s(HPOy)2(PWoO34)3] 6~ (Nig) crystallizes in the monoclinic space groBgy/c (a = 30.589-

(10) A, b = 12.521(6) A,c = 39.456(11) A8 = 102.49(33, Z = 4) and presents an antiferromagnetic triangle
formed by three ferromagnetic triangular clusters. The magnetic properties of the three complexes are discussed
on the basis of their topologies and fitted according to an isotropic exchange model (for the three clusters) and
including the local anisotropy of each center (for thig andNiy4 clusters).

Introduction mixed valence clusters of W and Mo in which localized and
Magnetic clusters with increasing numbers of exchange delocalized electrons can coexist and intefabilis providing
coupled centers is an area of current interest in molecular the opportunity to investigate the interplay of electron transfer
magnetisnt. A class of compounds that provide ideal examples and magnetic interactions at the molecular lévelthis context
to study this kind of magnetic systems are the polyoxometalatesthe mixed-valence magnetic polyoxovanadates also play a
of W and Mo? Their suitability in this area is based on the relevant rolé.
following considerations: (1) they can coordinate groups of ~We present in this paper three novel polyoxometalate
paramagnetic ions at specific sites of their structures; (2) thankscomplexes of Ni(ll) that illustrate in particular point 3: [Ni
to the rigidity and size of the diamagnetic heteropoly framework (H20)3(PW1¢039)H20]"~ (Ni3), [Nia(H20)2(PWoO34)2] 1%~ (Niy),
they impose the geometry of the magnetic cluster keeping it and [Nig(OH)s(H20)s(HPQz)2(PWoO34)3]*¢~ (Nig). These com-
well isolated from the neighboring clusters; (3) their chemistry plexes are based on the tungstophosphate liganch{RMV-
allows the assembly of stable anion fragments into larger (B isomer), which is the trivacant lacunary fragment that results
clusters; and (4) they can be reversibly reduced to mixed-valencefrom the removal of a triad of tungsten sites from the Keggin
species (heteropoly “blues” and “browns”) by addition of various anion [PW040]*". The ability of this anion to act as ligand
specific numbers of electrons, which are delocalized over a incorporating magnetic clusters into the structure is well-known.
significantly large number of atoms of the heteropoly frame- For example, an extensive series of tetranuclear sandwich
work, retaining the gross structures of the oxidized anions.  complexes [M(H20)2(PWeOs4)2]** (in short My) is known with
Taking advantage of points—13, magnetic clusters with -
unusual geometiesand ighly symmetical opoogies havebeen () () CHAPASL Y, B .16 A har So2s 1,
Obt_amEd_' for which the nuclearity can be |ncre_ased with ease From Platonic Solids to Anti-retraral activity; Pope, M. T., Muller,
while their relevant structural features are maintained unchanged,  A., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands,
and consequently the sign and magnitude of the exchange = 1994; p 203.
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parameters. On the other hand point 4 allowed us to obtain large B.S.Chem. Phys1995 195, 1. (b) Borfa-Almenar, J. J.. Clemente,
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various divalent metal ions (M= Mn, Fe, Co, Cu, Zn¥8 The
mixed-valence MhMn'! tetranuclear analoguea mixed Fé',-

Clemente-Juan et al.

Table 1. Crystal Data and Structure Refinement Data g, Nig,
and Nig

Cu', complex? and the F& comple® of this structural type Nis Ni, Nig
are also known. The Iarger anior_1 [(LOH)3(H20)s(HPOy)2- empirical HaoKeNaNis- HeoKeNaaNis  HizKsNayiNie-
(PWgO34)3]*¢~ (Cog), which contains a nonanuclear Co(ll) formula OsPWio OosPsWig 0417PWa7
cluster, was also identified by Weakléyas a byproduct (ca. a 10.896(6) A 11.824(5) A 30.589(10) A
5%) in the preparation of [GH,0)2(PWoOs4)2]1%". This author b 12.869(5) A 16.551(6) A 12.521(6) A
also reported the gross structural features of this giant poly- € 20373(6) A 21.074(5) A 39.456(11) A
oxoanion! During the last 10 years we have been interested ; %'161(26(%7 28‘(?38(27 28'20’49(37
in the magneto-structural properties of these kinds of polyoxo- , 110.72(8 20.0° 90.0°
metalate complex€%1213and in those complexes derived from v 2586(1) 4056(2) & 14754(10) &
the related ligand [V150sg]*2~,120:14 A variety of techniques, z 2 2 4
including not only the classical ones (magnetic susceptibility, W 3215.43 5485.02 8467.01
magnetization and EPR) but also inelastic neutron scattering SPac€ 9roup Ecl)o(go' 2) 2(2){,/2('\‘0' 14) zgi,/g('\'o' 14)
(INS) spectroscop$? have been used to obtain information 0.710 73 A 0.710 69 A 0.710 69 A
about the energy levels and exchange interactions in these 4.2128gcm®  4.490 g cm® 3.836 g cm
clusters. u 243.36 cmt 26.808 cm* 22.527 cm?

R (Fo) 0.0480 0.0509 0.0756
Experimental Section R (Fo) 0.0630 0.1492 0.200%

Syntheses. KNa[Nis(H20)3sPW10039H,0]-12H,0 (Nis). A solution
of 2.49 g (10 mmol) of Ni(OOE& CHj3),*4H,0 in 50 mL of water was
added to 100 mL of an aqueous solution containing 9.87 g (33 mmol)
of NapWOQO,-2H,0 and 0.425 g (3 mmol) of NBIPO, with pH adjusted
to 6.5 with acetic acid. The resulting yellow solution (pH6.3) was
refluxed fa 2 h and hot filtered, and time4 g of K(OOC—CHs) was
added to the filtrate while hot. After several days small pale green

needle-shaped crystals of the desired product were isolated by filtration

and dried under vacuum (yietd 5.5 g; 51%). Anal. Calcd for KNa-
[Ni3(H20)sPW;¢030H,0]-12H,0: Ni, 5.48; W, 57.18; K, 7.30; Na, 0.72;
H20, 6.72. Found: Ni, 5.52; W, 57.16; K, 7.28; Na, 0.7G(H 6.73.

K5N34[Ni4(H20)2(PW9034)2]'24H20 (N|4) A solution of 5.53 g (22
mmol) of Ni(OOGC-CHz),*4H,0 in 50 mL of water was added to 100
mL of an aqueous solution containing 33 g (100 mmol) of\N@,-
2H,0 and 1.57 g (11 mmol) of N&IPO, with pH adjusted to 7.1 with
acetic acid. The resulting yellow solution (i 6.9) was refluxed for
2 h and hot filtered, and time4 g of K(OOC—CHs;) was added to the
filtrate while hot. After several hours a mixture of chunky small yellow
crystals and powder of the desired product is obtained (yiel®.4 g,
64%). Anal. Calcd for Nay[Nis(H20)2(PWeOs4)2]:24H,0: Ni, 4.31;
W, 60.69; K, 4.30; Na, 1.68; ¥D, 7.27. Found: Ni, 4.24; W, 60.75;
K, 4.20; Na, 1.80; HO, 7.21.

K5Na1]_[Nig(OH)g(H20)5(HPO4)2(PW9034)3] '52H20 (ng) The pH
of an aqueous solution of 16.5 g (50 mmol) of ;M&D,-2H,0O and
0.78 g (5.5 mmol) of NHPO, was adjusted to 7.9 with acetic acid.
A solution containing 4.1 g (16 mmol) of Ni(OGECHs5),:4H,0 in 30

(7) Zhang, X. Y.; Jameson, G. B.; O’Connor, C. J.; Pope, M. T.
Polyhedron1996 15, 917.
(8) Wasfi, S. H.; Rheingold, A. L.; Kokoszka, G. F.; Goldstein, A. S.
Inorg. Chem.1987, 26, 2934
(9) Zhang, X. Y.; Chen, Q.; Duncan, D. C.; Lachiotte, R. J.; Hill, C. L.
Inorg. Chem.1997, 36, 4381.
(10) Weakley, T. J. RJ. Chem. Soc. Chem. Commui984 1406.
(11) The poor quality of the crystals, which diffracted with a very marked
decline in scattering intensity with increasing and the many

disordered lattice water molecules, prevented an accurate determination

of the structure.

(12) (a) Ganez-Gar@, C. J.; CasaRastor, N.; Coronado, E.; Baker, L.
C. W.,; Pourroy, GJ. Appl. Phys199Q 67, 5995. (b) Gonez-Garaa,

C. J.; Coronado, E.; BorsaAlmenar, J. Jinorg. Chem.1992 31,
1667. (c) Casafastor, N.; Bas, J.; Coronado, E.; Pourroy, G.; Baker,
L. C. W.J. Am. Chem. S0d.992 114, 10380.

(13) (a) Gala-Mascafs, J. R.; Gmez-Garca, C. J.; Borfa-Almenar, J.
J.; Coronado, EAdv. Mater.1994 6, 221. (b) Borfa-Almenar, J. J.;
Coronado, E.; Gmez-Gar@a, C. J.; Gala-Mascafs, J. R.J. Magn.
Magn. Mater.1995 140-144, 1809.

(14) Gamez-Garaa, C. J.; Borfa-Almenar, J. J.; Coronado, E.; Ouahab,
L. Inorg. Chem.1994 33, 4016.

(15) (a) Ganez-Garaa, C. J.; Coronado, E.; Bdsalmenar, J. J.;
Aebersold, M.; Gdel, H. U.: Mutka, H.Physica B1992 180-181,
238. (b) Clemente, J. M.; Andres, H.; Coronado, E’déluH. U,
Bittne, H.; Kearly, G.norg. Chem.1997, 36, 2244.

AR = Y(Fo — FdYFo.7 PRy = [J(Fo — F)¥yw(Fo)Y2 v =
4FAH[0%(1) + (0.07€0))?. ° Ry = [Y[w(Fo? — FAA/ 3 [w(FA)T] Y2 o
= 1/[0¥F2) + (0.071P)2 + 489.056P], whereP = (Fo2 + 2F2)/3.
4Ry = [J[w(F? — FAA/ T [w(FAF) Y2 w = U[oX(Fe?) + (0.1374)?
+ 1089.270P], whereP = (F,2 + 2F2)/3.

mL of H,O was added to the first one. The resulting green solution
(pH = 7.5) was refluxed for 2 PA 4 gamount of NaHPO, was added,
and the solution was refluxed agaim fbh and hot filtered. After adding
5 g of solid K(OOC-CHg), the resulting solution was allowed to cool
at room temperature. After several hours small green needle-shaped
crystals of the desired product were isolated by filtration and dried
under vacuum. This product was recrystallized from hot water to obtain
good-quality single crystals suitable for X-ray diffraction analysis (yield
= 4.1 g; 27%). Anal. Calcd for KNa;i[Nig(OH)s(H20)s(HPOs)2-
(PW50s34)3]-52H,0: Ni, 5.94; W, 55.84; K, 2.20; Na, 2.83;,8, 10.54.
Found: Ni, 6.30; W, 55.91; K, 2.43; Na, 2.602®|, 10.54.

X-ray Data Collection and Structure Refinement. Structure of
Ni; was already communicaté8l A yellow prismatic crystal ofNi,
and a green needle-shaped crystalfwere taken directly from their
mother liguor and mounted on a CAD4 Enraf-Nonius diffractometer.
Crystals ofNig decompose after several hours due to solvent loss, and
so this crystal was sealed in a Lindemann glass capillary before X-rays
analysis. Preliminary examinations and data collection were performed
with Mo Ko radiation. Unit cell parameters and orientation matrix were
determined by a least-squares refinement of the setting angles of 25
independent reflections for both crystals. Data collection were performed
with thew scan technique, and three standard reflections were measured
evel 2 h and showed no significant decay. Lorentz, polarization, and
semiempirical absorption correctiong §can method) were applied to
the intensity data. Selected experimental parameters and crystal data
are reported in Table 1. The space group was determined R2{He
for Nis (the same space group is found for the analogousa@d Zn
anions, but the unit cell is slightly different in this case) d&&i/c for
Nio. The overall structure dflig is very different to the already reported
for the Rubidium salt of the Gaanionic analogué (hexagonal space
groupP6s/m, with anion crystallographic symmetryr8Csy,). In our
case the whole anion is present in the asymmetric unit with no local
symmetry. All calculations were performed in a SPARC Station 20
(Sun Microsystems). Both structures were solved by direct methods
using the SIR9Y program and refined oR? using the SHELXL-93
program (G. M. Sheldrick, University of Gtingen, 1993). Atomic
parameters are given in Tables 2 and 3. In the structures solutions the
atoms belonging to the anion were readily obtained, and afterward
successive Fourier differences showed several peaks that were assigned

(16) Gamez-Garga, C. J.; Coronado, E.; Ouahab, Angew. Chem., Int.
Ed. Engl.1992 31, 649.
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Crystallogr. 1994 27, 1045.
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Table 2. Atom Coordinates and Thermal Isotropic or Equivalent Isotropic ParameterssfiigNNisOgsP2W1g (Nig)?

atom X y z U(A2 atom X y z U(A2
W1  0.49134(8) 0.27868(6)  0.18026(5) 0.0061(2)* 021  0.6853(14)  0.1297(10)  0.0996(8)  0.007(3)
W2  0.66780(8)  0.36257(6)  0.06668(5)  0.0079(2)* 022  0.364(2) 0.2906(12)  0.0003(9)  0.019(4)

W3  0.79495(8)  0.21294(6)  0.19003(5)  0.0062(2)* 023  0.6069(14)  0.3063(16D.0937(8)  0.010(3)

W4 0.29131(8)  0.21664(6)  0.04884(5)  0.0060(2)* 024  0.8393(13)  0.1865(10)  0.0142(8)  0.006(3)
W5  0.46259(8)  0.30231(6) —0.06349(5)  0.0072(2)* 025  0.8454(14)  0.0215(10)  0.1364(8)  0.007(3)
W6  0.73870(8)  0.24383(6) —0.05425(5)  0.0076(2)* 026  0.5682(13)  0.0537(10)  0.1906(8)  0.006(3)
W7  0.86764(8)  0.09631(6)  0.06669(5)  0.0063(2)* 027  0.2792(14)  0.1424(10)  0.1200(8)  0.009(4)
W8  0.70989(8)  0.01477(6)  0.17049(4)  0.0050(2)* 028  0.5352(13)  0.0845(10)  0.0047(8)  0.004(3)

W9  0.40896(8)  0.07956(6)  0.16247(4)  0.0045(2)* 029  0.292(2) 0.1337(114)0.0039(8)  0.011(4)

Nil  0.3690(2) 0.0269(2) —0.00391(14) 0.0041(6)* 030  0.4324(14)  0.2045(10)-0.0947(8)  0.010(4)

Ni2  0.5196(3) 0.0996(2) —0.09740(14) 0.0048(6)* 031  0.6743(13)  0.1532(10)-0.0844(8)  0.005(3)

P 0.5765(5) 0.1535(4) 0.0523(3) 0.0030(11)* 032  0.781(2) 0.0316(11)  0.0115(8)  0.012(4)
01  0.477(2) 0.3473(12)  0.2380(10)  0.021(4) 033 0.6314(14)0.0376(10)  0.1006(8)  0.008(3)

02  0.713(2) 0.4572(12)  0.0919(10)  0.019(4) 034  0.4014(14)  0.0120(10)  0.0947(8)  0.011(4)
03  0.881(2) 0.2586(12)  0.2524(9) 0.017(4) 035  0.5134(14)  0.1175(16)0.1941(8)  0.010(3)

04  0.150(2) 0.2493(11)  0.0293(9) 0.016(4) K1 0.0703(6) 0.9968(4) 0.6827(3)  0.0250(14)*
O5  0.3798(14)  0.3644(11) —0.1184(8) 0.012(4) K2 0.6356(7) 0.1339(5) 0.3186(4)  0.035(2)*
06  0.835(2) 0.2619(12) —0.1046(9) 0.017(4) K3 0.0591(7) 0.1247(5) 0.9366(4)  0.040(2)*
07  1.005(2) 0.0715(12)  0.0576(9) 0.019(4) Nal 0.8069(12)  0.0577(8) 0.7615(7)  0.037(3)*
08  0.7461(14) —0.0583(10)  0.2274(8) 0.007(3) Na2 0.462(2) —0.0199(14)  0.4010(11)  0.085(7)*
09  0.350(2) 0.0275(11)  0.2164(9) 0.014(4) 01W  0.134(2) 0.1924(14)  0.1973(11) 0.030(5)
010  0.556(2) 0.3421(11)  0.1204(9) 0.014(4) O2W  0.149(2) —0.0553(13)  0.1223(10) 0.028(5)
011 0.6466(13)  0.2404(9) 0.2072(7) 0.004(3) 03W  0.283(2) —0.1792(14)  0.2248(11)  0.029(5)
012 0.7655(14)  0.2983(10)  0.1284(8) 0.009(3) 04w  0.187(2) 0.1994(13)  0.8546(10)  0.030(5)
013  0.3495(14)  0.2881(10)  0.1254(8) 0.009(3) O5W  0.896(2) 0.020(2) 0.5721(13)  0.040(6)
014 0.5439(14)  0.3832(10)  0.0012(8) 0.008(3) O6W  0.569(2) —0.0380(14)  0.3179(11) 0.029(5)

015  0.763(2) 0.3389(11)  0.0052(8) 0.012(4) O7W  0.412(2) 0.097(2) 0.3475(14)  0.050(7)
016 0.9039(14)  0.1719(10)  0.1420(8) 0.007(3) 08W  0.271(2) —0.067(2) 0.3534(14)  0.050(7)

017 0.7766(14)  0.1081(10)  0.2234(8) 0.011(3) 09W  0.659(3) 0.094(2) 0.453(2) 0.081(11)
018 0.4431(14)  0.1801(11)  0.2122(8) 0.011(4) O10W  0.998(3) 0.668(2) —0.093(2) 0.071(9)

019 0.4813(13)  0.1720(9) 0.0939(7) 0.002(3) O11W  0.063(5) 0.047(4) 0.237(3) 0.14(2)

020 0.6005(13)  0.2300(10)  0.0178(8) 0.004(3)

2 Asterisks denote atoms refined anisotropicallyq = (4/3)[@2B(1,1) + b?B(2,2) + ¢?B(3,3) + ab(cosy)B(1,2) + ac(cos5)B(1,3) + bc(cos
®)B(2,3)].

Scheme 1. Synthetic Routes to thBlis, Nis, andNig Results and Discussion
Clusters Synthesis.Polyoxometalate coordination chemistry is often
1) pH = 6.5 (CH3COOH) >@—>N‘ dominated by a large number of equilibria among different
2) Ni(CH3C00), 2 hours 13 species, all of them present in solution. This feature difficults
NagWO, | | 1) pH = 7.1 (CHyCOOH) - the selective isolation of a given complex in the solid state. In
+ 3 NICHiCo0) P S hours Nig4 our effort of preparing the Ni analogue to the tetranuclear cluster
Na;HPO, HULH3 2 .
series M (not yet reported to our knowledge), we confronted

DPH =79 (CH;CO0H T et | 2N PO e . all these problems of equilibria in solution carrying out a deeper
2) Ni(CH3CO0), [2hous | (emss)ng study of the reaction conditiod8.This study allowed us to

to cations (K and N&) and water molecules. INi, almost all the obtain in a controlled manner three different complexes of
water molecules expected from the thermal analysis were found, without increasing nickel nuclearities (from 3 to 9). Although none of
disorder. However, inNis only half of the water molecules were the products is obtained exclusively, we found the best condi-
successfully found (thermal analysis indicates the presence of 52tjons to obtain in high yield the desired nickel complex. The
molecules of water), and one Naation was disordered over two  factors that affect these equilibria are mainly pH and temper-
different positions. The large number of peaks and the disorder madeature, and, to a lesser extent, the concentration of reagents. The
difficult the final assignment to distinguish between'Ngoms or water general synthetic procedure is summarized in Scheme 1.

molecules, and in all cases criteria about the height of the peak and its . - - .
first coordination sphere (being the cations surrounded by water Different pH conditions were tried between 6 and 8, since at

molecules) were applied. Nevertheless, no further modelization of this lower pH the predominant p0|y°X0tung§tate species is the
was required since the anions, which did not appear to be affected byMonovacant [PWOsg]"", and so the [Ni(HO)PWi,Osq>™
disorder, were already clear when convergence was reached Rt the Structure is favored, while at higher pH the basic hydrolysis of
values given in Table 1. ThiR value is somewhat high, but is low if  the polyoxometalates occurs. The observed pattern indicated that
compared with that obtained for the analogous Co cluster, as reportedat higher pH or higher temperatures, the equilibria are displaced
by Weakley. This high value could be related to the loss of some zeolitic to the higher nuclearities. So, by slight variation of the pH of
water from the crystal during transit, with enhancement of the disorder an agueous solution Containing tungstate and phosphate (propor-
for the remaining water molecules. No hydrogen atoms were included tjqp 9:1) and i, salts of the different polyoxoanion complexes

in the structural model. Only heavy atoms were refined anisotropically are isolated by addition of & at pH= 6.3, pale green needles

in both cases. . . . ] .
Magnetic Properties. Variable temperature susceptibility measure- of the Niz complex are mainly obtained; at pH 6.9, theNi,

ments were carried out in the temperature ranga@ K at a magnetic ~ COMPplex, obtained as chunky yellow prisms, is the main product;
field of 0.1 T on polycrystalline samples with a magnetometer (Quantum finally, at pH= 7.5,Nigq is isolated predominantly, as emerald
Desigh MPMS-XL-5) equipped with a SQUID sensor. The susceptibility

data were corrected from the diamagnetic contributions of the poly- (18) In fact, following the general synthetic method proposed for the M
anions as deduced by using Pascal’s constant tables. series yielded, in the case of Ni, the anionagNLO)s(PWi¢Oz9)H20]7~.
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Table 3. Atom Coordinates and Thermal Isotropic or Equivalent Isotropic Parameters,f¢¢sNay1NigO171PsW27 (Nig)?

atom X y z UA? atom X y z UA2

W1 0.4766(2) 0.0605(4)  0.8179(2) 0.0474(13) 040  0.419(4) 0.321(9)  0.776(3) 0.07(3)
W2  0.5305(2) 0.3253(4)  0.8426(2) 0.050(2)* 041  0.455(5) 0.527(12)  0.833(4) 0.08(4)
W3  05218(2) 01283(5)  0.9112(2) 0.051(2)* 042  0.492(4) 0426(8)  0.920(3) 0.06(2)
W4  0.3805(2) 0.1891(4)  0.7733(2) 0.0430(12)* 043  0.447(3) 0.187(7)  0.963(2) 0.05(2)
W5 0.4338(2) 0.4480(4)  0.7972(2) 0.0452(12)* 044  0402(2) —0.004(5)  0.881(2) 0.045(12)
W6  04739(2) 0.5116(4)  0.8827(2) 0.0466(13)* 045  0.358(4) 0.044(10)  0.788(4) 0.06(3)
W7  0.4659(2) 0.3176(4)  0.9498(2) 0.0450(13)* 046  0.377(2) 0.313(4)  0.864(14)  0.022(10)
W8  04169(2) 0.0750(4)  0.9275(2) 0.0440(13) 047  0.341(3) 0273(7)  0.791(2) 0.07(2)
W9  0.3735(2) 0.0088(4)  0.8368(2) 0.0400(12) 048  0.386(2) 0.460(5)  0.814(2) 0.027(12)
W10  0.0681(2) 0.6171(5)  0.6660(2) 0.0749(14)* 049  0.423(3) 0.525(6)  0.891(2) 0.03(2)
W1l 0.1277(2) 0.8737(4)  0.6887(2) 0.0451(13) 050  0.406(4) 0.376(8)  0.940(3) 0.06(3)
W12 0.1685(2) 0.6818(5)  0.63108(14) 0.0447(12)* 051  0.366(3) 0.136(6)  0.915(2) 0.06(2)
W13  0.0815(2) 05607(5)  0.7529(2) 0.0467(13) 052  0.337(6) 0.077(14)  0.845(5) 0.11(5)
W14  0.1405(2) 08128(4)  0.7760(2) 0.0449(13) 053  0.084(3) 0.768(6)  0.680(2) 0.03(2)
W15  0.2330(2) 0.8705(4)  0.7432(2) 0.0422(12)* 054  0.114(2) 0.616(4)  0.6408(14)  0.018(10)
Wie  0.2727(2) 0.6777(5)  0.6868(2) 0.0435(12) 055  0.160(3) 0.806(6)  0.655(2) 0.03(2)
W17 0.2157(2) 0.4420(5)  0.6650(2) 0.0452(13) 056  0.133(3) 0.558(7)  0.718(3) 0.06(2)
W18  0.1185(2) 0.3811(4)  0.7005(2) 0.0460(12) 057  0.173(3) 0.748(6)  0.732(2) 0.04(2)
W19  0.1434(2) 0.2982(5)  1.0159(2) 0.0455(13)* 058  0.201(5) 0.605(11)  0.691(4) 0.09(4)
W20  0.2022(2) 05541(5)  1.04303(14) 0.0429(12)* 059  0.044(4) 0.597(8)  0.706(3) 0.02(3)
W21 0.0845(2) 0.5574(5)  0.9920(2) 0.0475(13) 060  0.110(3) 0.865(6)  0.728(2) 0.06(2)
W22 0.2279(2) 0.2290(4)  0.9748(2) 0.0417(12) 061  0.179(4) 0.926(10)  0.705(4) 0.10(3)
W23 0.2864(2) 04790(5)  1.00224(14)  0.0411(12)* 062  0.230(5) 0.716(12)  0.641(4) 0.01(4)
W24 0.2325(2) 0.7181(5)  0.98168(14)  0.0450(13)* 063  0.182(3) 0.538(8)  0.630(3) 0.07(2)
W25  0.1174(2) 0.7193(4)  0.9312(2) 0.0436(12) 064  0.079(2) 0.473(4)  0.668(14)  0.020(9)
W26  0.0632(2) 0.4842(4)  0.9053(2) 0.0418(12) 065  0.094(2) 0718(5)  0.763(2) 0.057(14)
W27  0.1198(2) 0.2304(4)  092868(14) 0.0433(12)* 066  0.192(2) 0.891(5)  0.775(2) 0.030(12)
Nil  0.3272(5) 0.383(2) 0.8187(4) 0.032(4)* 067  0.255(3) 0.807(7)  0.705(3) 0.06(2)
Ni2  0.3662(5) 0.4376(14)  0.8992(5) 0.041(4)* 068  0.266(6) 0.543(14)  0.671(5) 0.08(6)
Ni3  0.3222(6) 0.218(2) 0.8773(5) 0.038(4)* 069  0.157(3) 0.408(6)  0.671(2) 0.04(2)
Ni4  0.1944(6) 0.5596(13)  0.8064(5) 0.044(4)* 070  0.077(4) 0.427(9)  0.726(3) 0.08(3)
Ni5  0.2786(5) 0.6170(12)  0.7769(4) 0.036(3)* 071  0.214(2) 0.564(5)  0.756(2) 0.034(12)
Ni6  0.2276(6) 0.3979(14)  0.7570(5) 0.044(4)* 072 0.129(3) 0527(6)  0.785(2) 0.06(2)
Ni7  0.2578(5) 0.4103(13)  0.9113(4) 0.039(4)* 073  0.177(4) 0719(8)  0.802(3) 0.07(2)
Ni8  0.2071(6) 0.6288(13)  0.8932(4) 0.040(4)* 074  0.258(3) 0777(6)  0.770(2) 0.03(2)
Ni9  0.1570(5) 0.4103(14)  0.8694(5) 0.043(4)* 075  0.295(2) 0637(5)  0.729(2) 0.029(11)
P1 0.422(2) 0.264(4) 0.8612(13)  0056(12)* 076  0.236(3) 0.410(6)  0.708(2) 0.04(2)
P2 0.1804(13) 0.619(3) 0.7213(9) 0.028(9) 077  0.164(3) 0.365(6)  0.731(2) 0.06(2)
P3 0.1751(12) 0.476(3) 0.9533(9) 0.027(8)* 078  0.185(4) 0.404(10)  1.034(3) 0.03(3)
P4 0.2915(10) 0.586(2) 0.8609(8) 0.050(6)* 079  0.098(3) 0.402(6)  1.004(2) 0.04(2)
P5 0.2274(10) 0.315(3) 0.8306(10) 0.033(7)* 080 0.141(3) 0.585(7) 1.020(3) 0.06(2)
o1 0.493(8) =~ —0.01(2) 0.794(7) 0.17(8) 081  0.168(2) 0.354(5) 0.964(2) 0.011(13)
02 0.580(3) 0.335(6) 0.830(2) 0.03(2) 082  0.210(3) 0.535(7)  0.984(2) 0.04(2)
03  0572(4) 0.048(10)  0.921(3) 0.05(3) 083  0.135(3) 0532(7)  0.949(3) 0.05(2)
04  0.358(2) 0.189(5) 0.733(2) 0.046(14) 084  0.196(4) 0.225(10)  1.006(4) 0.06(3)
05  0431(5) 0.538(10)  0.760(4) 0.10(3) 085  0.263(2) 0.504(5)  1.044(2) 0.026(12)
06  0.499(3) 0.626(7) 0.901(2) 0.08(2) 086  0.214(3) 0.680(8)  1.023(3) 0.03(2)
07 0.485(4) 0.363(9) 0.987(3) 0.04(3) 087  0.085(6) 0.677(13)  0.967(5) 0.08(5)
08  0407(6)  —0.019(14)  0.959(5) 0.06(6) 088  0.051(3) 0.523(6)  0.947(2) 0.05(2)
09 0.342(3)  —0.116(6) 0.831(2) 0.04(2) 089  0.108(3) 0.209(8)  0.978(3) 0.05(2)
010  0.016(3) 0.645(6) 0.635(2) 0.06(2) 090  0.262(3) 0.330(7)  1.003(2) 0.02(2)
011  0.095(4) 0975(10)  0.670(3) 0.057(3) 091  0.280(4) 0.630(9)  1.005(3) 0.07(3)
012  0.151(4) 0.699(9) 0.591(3) 0.06(3) 092  0.174(3) 0.742(6)  0.963(2) 0.04(2)
013  0.041(3) 0.559(7) 0.773(2) 0.05(2) 093  0.069(3) 0.654(7)  0.901(2) 0.03(2)
014  0.118(5) 0.895(10)  0.802(4) 0.08(3) 094  0.074(3) 0.341(7)  0.920(3) 0.05(2)
015  0.263(3) 0.967(7) 0.751(3) 0.06(2) 095  0.173(4) 0.167(9)  0.951(3) 0.02(3)
016  0.315(4) 0.713(9) 0.674(3) 0.09(3) 096  0.192(4) 0483(8)  0.918(3) 0.06(2)
017  0.231(6) 0339(13)  0.641(5) 0.16(5) 097  0.246(3) 0.272(6)  0.936(2) 0.03(2)
018  0.103(5) 0275(12)  0.687(4) 0.12(4) 098  0.285(4) 0472(8)  0.955(3) 0.05(3)
019  0.129(6) 0249(13)  1.041(5) 0.15(5) 099  0.239(3) 0.693(7)  0.938(2) 0.05(2)
020  0.207(3) 0.584(6) 1.086(2) 0.04(2) 0100  0.1512(2) 0.708(5)  0.904(2) 0.033(13)
021  0.048(4) 0.559(10)  1.013(4) 0.07(3) 0101  0.096(3) 0.475(7)  0.876(2) 0.04(2)
022  0.263(4) 0.133(9) 0.987(3) 0.07(3) 0102  0.141(4) 0.268(9)  0.891(3) 0.05(3)
023  0.347(5) 0465(12)  1.023(4) 0.09(4) 0103  0.290(3) 0.461(6)  0.780(2) 0.03(2)
024  0.252(3) 0.846(7) 0.987(3) 0.02(2) 0104  0.173(2) 0.553(5)  0.850(2) 0.024(13)
025  0.094(2) 0.838(4) 0.921(2) 0.040(11) 0105  0.313(2) 0.347(5)  0.905(2) 0.029(11)
026  0.009(4) 0.455(9) 0.877(3) 0.08(3) 0106  0.319(3) 0.485(7)  0.850(3) 0.06(2)
027  0.091(4) 0.138(9) 0.912(3) 0.07(3) 0107  0.284(4) 0.301(8)  0.838(3) 0.03(2)
028  0.504(4) 0.202(8) 0.820(3) 0.06(2) 0108  0.265(4) 0.609(9)  0.826(3) 0.03(3)
029  0.493(4) 0.054(9) 0.864(3) 0.05(3) 0109  0.220(5) 0.400(11)  0.803(4) 0.06(4)
030  0.541(3) 0.228(8) 0.882(3) 0.08(2) 0110  0.263(3) 0.556(7) 0.884(2) 0.04(2)
031  0.418(3) 0.163(8) 0.833(3) 0.03(2) 0111  0.225(5) 0.364(11)  0.868(4) 0.13(4)
032  0.444(5) 0.341(11)  0.853(4) 0.06(3) 0112  0.352(4) 0.563(9)  0.927(3) 0.06(3)
033  0.446(3) 0.214(8) 0.895(3) 0.030(2) 0113  0.270(3) 0.137(6)  0.892(2) 0.04(2)
034  0.441(3) 0.103(8) 0.780(3) 0.08(2) 0114  0.343(3) 0.665(7)  0.804(2) 0.05(2)
035  0.499(4) 0.395(8) 0.804(3) 0.07(3) 0115  0.251(3) 0.238(6)  0.762(2) 0.05(2)
036  0.530(3) 0.440(7) 0.871(2) 0.07(2) 0116  0.215(4) 0.759(8)  0.865(3) 0.07(2)
037  0.515(3) 0.230(7) 0.940(2) 0.07(2) 0117  0.130(2) 0.346(5)  0.822(2) 0.025(13)
038  0.476(2) 0.034(4) 0.930(2) 0.029(10) 0118  0.317(3) 0.686(6)  0.868(2) 0.02(2)
039  0426(5)  —0.024(11)  0.818(3) 0.08(4) 0119  0.203(3) 0.214(6)  0.816(2) 0.026(2)
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atom X y z U(A2 atom X y z UA2

K1 0.1408(13) 0.827(3)  00228(11) 0.065(9)  OWS5 0.018(5)  0.832(11) 0.326(4)  0.14(4)
K2 0.4775(14) 0.650(3) 0.3879(11)  0.062(9) OW6 —0.044(4)  0.171(8) 0.412(3)  0.02(3)

K3 0.0183(13) 0203(3)  04687(11) 0.076(9)  OW7 0.465(5)  0.761(12) 0.316(4)  0.13(4)
K4 0.3120(11) 0496(3)  04516(9)  0078(7)  OWS8 0.362(5)  0.527(12) 0.189(4)  0.10(4)
K5 0.2756(11) —0.006(3)  0.0460(9)  0.073(7)  OW9 0.039(6)  0.237(14) 0.335(5)  0.12(5)
Nal 0.413(2) 0.606(4)  0.063(2) 0.057(12) OW10 0.382(6)  0.758(14) 0.231(5)  0.16(6)
Na2 0.275(2) 0.678(5)  0.338(2) 0.08(2) ow11l 0.156(4)  0.392(9) 0.264(3)  0.06(3)
Na3 0.358(3) 0.800(7)  0.117(2) 0.08(2) ow12 0.017(5)  0.647(11) 0217(4)  0.11(4)
Nad 0.091(3) 0551(7)  0.360(3) 0102(2)  OWI3 0420(6)  0.548(13) 0.001(5)  0.13(5)
Na5 0.190(2) 0.345(5)  0.208(2) 006(14)  OWl14 0.181(5)  0.378(11) 0.372(4)  0.072(4)
Na6 0.250(3) 0555(6)  0.152(2) 0.08(2) OW15 0.191(6)  1.026(1) 0.059(5)  0.07(5)
Na7 0.438(3) 0.867(8)  0.459(3) 0.11(3) OW16 0.061(5)  0.4045(11) 0.228(4)  0.12(4)
Na8 0.489(2) 0226(5)  0.237(2) 0.09(2) oW17 0.576(6)  0.664(14) 0.383(5)  0.14(5)
Na9 0.350(2) 0.655(5)  0.256(2) 0.065(14) OW18 0.366(6)  0.460(13) 0.518(5)  0.09(5)
Nalo  0.109(2) 0.558(5)  0.091(2) 0.07(2) OW19 0.578(4)  0.732(10) 0.420(4)  0.07(3)
Nall  0.336(4) 0.090(10)  0.208(3) 0.09(3) OW20 0.199(8)  0.57(2) 0.398(6)  0.17(7)
NalZ  0.047(4) 0.344(9)  0.133(3) 0.06(3) ow21 0.323(9)  0.02(2) 0.107(7)  0.13(9)
OWl  0.265(5) 0.794(12)  0.081(4) 0.11(4) ow22 0.161(6)  0.975(14) —0.011(5)  0.10(6)
OW2  0.404(4) 0.754(8)  0.401(3) 0.05(2) ow23 0.091(6)  0.10(2) 0.098(5)  0.17(6)
OW3  0.260(4) 0.514(10)  0.334(3) 0.08(3) OW?24 0.370(5)  0.231(12) 0.479(4)  0.11(4)
OW4  0.314(5) 0.703(10)  0.428(4) 0.09(3)

a Asterisks denote atoms refined anisotropicallysq = (4/3)[a?B(1,1) + b?B(2,2) + ¢?B(3,3) + ab(cosy)B(1,2) + ac(cos3)B(1,3) + bc(cos

o)B(2,3)]. Daggers denote disordered atoms with multiplieityd.5.
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Figure 1. Polyhedral and ball-and-stick representations of the complex
[Ni3(H20)3(PW10030)H20]"~ showing theNis cluster (shaded and in
black) and the packing of the [MH20)s(PW10039)H-O]"~ complexes
with the closest intercluster-€0 distances.

green needles. The use of reflux increases the yieltls cdnd
Nig. On the other hand, the use of stoichiometric amounts of
Ni" does not have a big influence on the final compounds.
Surprisingly enough, the addition of a big excess df t¢ithe

Chart 1. Connectivity Diagram for the
[Ni 3(H20)3PW;¢039H20] (Nig) Cluster

distances (A):

d(1-2)=3.178 d(2-3)=3.177 d(1-3)=3.172

solution favors the formation of the tetranuclear cluster, although
among the three complexes this is the one with less proportion
of Ni in its formula. Single crystals of good quality for X-ray
diffraction analysis were obtained in all the cases from recrys-
tallization of the products in hot water.

Structures. Niz exhibits a unique structure, found only for
nickel, that contains a triangular 0,3 unit, formed by three
edge-sharing NiQoctahedra with the Niions coordinated by
the ligand (PWO34)°~ (a-B isomer) and a W@ octahedron
(Figure 1). This polyoxoanion may be viewed as a reconstituted
Keggin-like structureg] PNisWgOs} with an additional cap of
tungsten forming a distorted [BWO,] cubane-type core with
the triangular N§O;, entity. Each NiQ octahedron is formed
by four oxide ions, a bridging oxygen from the central phosphate
group, and a terminal oxygen from a coordinated water
molecule. This gives an overall charge for the polyanior-@f
The relevant N+Ni distances and NiO—Ni angles are
summarized in Chart 1. In the solid state these polyoxoanions
are associated pairwise by hydrogen bonds via the coordinated
water molecules 040 and O35 (Figuredi;= 2.68 A, d, =
2.73 A), in such a way that the triangular s, units are
parallel and well-isolated magnetically.

Ni4 has the well-known M structure already reported for M
= Co, Zn, Cu, and Mn: two ligands (P¥@34)° are encapsu-
lating a centrosymmetric rhomb-like X6 unit, formed by four
edge-sharing Ni@octahedra (Figure 2). The relevant-Nli
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Figure 3. Polyhedral and ball-and-stick representations of the complex
[Nig(OH)3(H20)s(HP Q) 2(PWoO34)3] %~ showing theNig cluster (shaded
and in black).

Chart 3. Connectivity Diagram for the
[Ni o(OH)3(H20)s(HPOy)2(PWoO3z4)3] (Nig) Cluster

distances (A):
d(1-2)=3.18; d(1-3)=3.16; d(2-3)=3.09
d(1-5)=3.49; d(1-6)=347; d(5-6)=3.13
Figure 2. Polyhedral and ball-and-stick representations of the complex d(i‘g) = :; ig g(g'g) = glg g(‘;‘g) - gﬁ
[Ni 4(H20)2(PWeO34)] 2%~ showing theNi, cluster (shaded and in black) 3(7'9> =310 d(2'7) by igj d(3‘7) by
and the packing of the [WH20)2(PWs034)7]*®~ complexes with the (7-9) =3.1L; (2-7) =348, B-7)=3.
closest intercluster ©0 distances.

analogues$,although in the same space group (monoclinic). In
Chart 2. Connectivity Diagram for the this crystal structure thg polyoxoanions are packed_ forming
[Ni 4(PWeO34)2(H20)5] (Nis) Cluster layers in WhICh every anion has close hydrogen bondidgs ( _
2.69 A) via the two water molecules coordinated to thd Ni
ions of the long diagonal of the rhomb and one terminal oxo
group coordinated to a tungsten atom (Figure 2). The tetra-
nuclear magnetic clusters present two different almost orthogo-
nal orientations.

In Niz and Ni4, despite the presence of hydrogen bonding,
the magnetic clusters are perfectly isolated since all the hydrogen
bonds are found between water molecules from the Ni coordina-
tion sphere and oxo groups linked to tungsten atoms.

Nig contains a central NOss cluster formed by three
triangular N§O13 edge-sharing units. These triangles are con-
distances (A): nected to each other by three OHridging groups and two
central HPQ?~ groups in order to form a triangle of triangles
(Figure 3). It is interesting to notice that, in contrastN,

d(2-2%)=3.196 d(1-1%) = 5.352 only two of the three Ni centers have a coordinated water
molecule, as the third one has an Obroup bridging twadNis
distances and NiO—Ni angles are summarized in Chart 2. As units. Still, this difference has no significant effect on the
far as the crystal structure is concerned, we notice that the Ni geometry of the triangle which, within the error in the X-ray
salt crystallizes in a different way to the previous related structural determination, presents-NNi distances and NiO—

d(1-2)=3.124  d(1-2%¥)=3.109
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Figure 5. ymT product vsT for the Ni4 cluster. Solid and dotted lines E
represent the best fit to the anisotropic and isotropic models, respectively & g _|
(see text). 5,
. - 6 —|
Ni angles close to those observedNli; (see Chart 3). The
periphery of this polyoxoanion is formed by three diamagnetic 4
ligands (PWOs4)°~ which guarantee the insulation of the
magnetic clusters. These ligands are coordinating Ng 5

triangles to form a reconstituted Keggin-like structure T T T ]

{PNisWgOaq}. Hence, the polyoxoanion may be viewed as 0 50 100 TK) 150

f:ggg%gf;?ég:é%?:gg??ﬁ:? doefaflhi:’leseugtitgr?zi tﬁzgglgg%rgtt% Figure 7. xmT prod_uct vsT_for theNis cluster. The solid line represents
. ) the best fit to the isotropic model (see text).

clusters comes from the crystal packing of these polyoxoanions

which are forming centrosymmetric layers, with no hydrogen Chart 4. Exchange Pathways for théis, Nis, andNig

bond interactions. Clusters

Magnetic Properties. The magnetic behaviors of the three
compounds are displayed as plots of the progudt vs T in
Figures 4, 5, and 7 for thidis, Nis, andNig clusters, respectively.

In the three caseg, T shows an increase as the temperature is
decreased. FaXiz andNiy this increase is more important and

is followed by a maximum corresponding 4, T = 6.3 and

10.7 emu K mott at T = 8.3 and 6.1 K, respectively; finally,

a sharp decrease is observed at lower temperatures. In contrast,
for Nig the maximum corresponding ta,T = 14.2 emu K
mol~1, occurs at higher temperatures (25 K).

The magnetic properties of these clusters are largely due to
interactions betweet, nickel(ll) ions. The exchange pathways
connecting the nickel(ll) ions can be schematized as shown in particular, of the Ni-O—Ni angles, ferromagnetic exchange
Chart 4. InNiz andNi4 the Ni—Ni pairwise interactions between interactions are expected to occur in these two systems. In fact,
the spinsS = 1 are exclusively transmitted through the oxo all these angles are comprised betweef &d 100, which
bridges. In view of the geometry of these clusters and, in are in the range where the NNi ferromagnetic exchange
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pathways are dominant (9@ 14°).1° The steady increase in  Table 4. Magnetic Parameters of théis, N4, andNis Clusters

xmI on decreasing temperature confirms this point, thus cyster J(em?) J'(cm?) D (cm? g
indicating that ground spin states of these clusters are 3 and 4, —

. . . N|30]_3 3.9 5.8 g = 2-5«gD =2
respectively. Accordingly, these clusters are EPR silent at low NizO1c 6.5 25 45 g=212
frequencies (X band). NigOzs 3.9 1.4 g=224

In Nig the exchange pathways are more complex than in the

previous cases as they involve not only the oxo bridges but etc. are the intermediate spin values, &id the full spin). In
also the two central HP&~ groups. Still, the ability of this g second step the matrix element of each term of the Hamiltonian
group to propagate exchange interactions is small compared to(isotropic or anisotropic) is expressed in terms of complex ITOs.
that of the u-oxo groups. Then, to reduce the number of |n a third step the decoupling of these ITOs allows to express
exchange parameters such pathways have been omitted in theéhe matrix elements in terms of the spin operators acting on the
exchange network shown in Chart 4. This scheme considersindividual spin space of each center, and of the well-known
two kinds of exchange interactions: the intra-triangle exchange, recoupling coefficients, j9%symbols24

J, associated to the NiNi interactions within theNis edge- A preliminary analysis of the magnetic behaviors\if and
sharing clusters from each Keggin subunit, anq the inter_—triangle Nis has been done by assuming an isotropic Heisenberg
exchange,J’, that accounts for the NiO—Ni connections  gychange Hamiltonian, as in this way analytical expressions for
between differenii triangles. As this last involves corner-  he eigenvalues and susceptibilities are easily derived from the
sharing NiQ octahedra with Ni-fO—Ni angles around 120or vector coupling method of Kani’%é We observe that the
even larger, this exchange pathway should be antiferromagnetic.isotropiC exchange model provides a good description of the
Therefore, an unprecedented nickel cluster with coexistence Ofmagnetic data for temperatures above the maximungfi
both ferro- and antiferromagnetic couplings is to be expected. (dotted lines in Figures 4 and 5). However, at lower temperatures
The magnetic properties confirm this prediction: the increase tpe model predicts a plateau corresponding to the ground spin
in ymT down to 25 K indicates the presence of dominant giaie of the clusterS= 3 and 4, forNis and Nis), while the
ferromagnetic interactions within the triangles, while the sharp magnetic data show a maximum followed by a decreaggTh
decrease at lower temperatures is a consequence of the antiyhich has its origin in the zero-field splitting of the local nickel-
ferromagnetic inter-triangle interactions. _ (I1) spins, as the intercluster antiferromagnetic interactions are
Analygs of the Magnetic Propertles. The theoretical expected to have a quite negligible effect, due to the good
calculation of the thermally accessible energy levels and of the jhgyjation of the magnetic clusters in the structure. Thus, a more
magnetic properties of large clusters requires the use of anyigorous treatment is required that considers both isotropic
efficient computational approach. Only in some simple cases, gxchange interactions and an axial single ion anisotropy of the
calculations of the spin levels can be performed using the well- type DS, whereD represents the zero-field splitting parameter.
known Kambe's methoé This method works when the  The numerical procedure described above has allowed us to
exchange Hamiltonian is fully isotropic (Heisenberg model) and take this effect into account. An excellent agreement with the
can be expressed through an appropriate set of intermediate Spi’éxperiment has been obtained in the casig{Figure 4) with
operators that directly gives a diagonal eigenmatrix. Unfortu- ne set of parameters reported in Table 4. In the casdigf
nately, this method is restricted to simple cases with high however, several sets of parameters can be used to fit in a
symmetry. Thus, even for the calculation of a fully distorted satisfactory manner the experimental data withbetween 0
triangle, this procedure becomes cumbersome. In the case ofyhq 5 cnrt, while J remains within the range 6-27.0 cnrt
high-nuclearity clusters an efficient procedure has been devel- Figure 5). This insensitivity of the magnetic propertiesito
oped by Gatteschi et &t using irreducible tensor operators s 5 consequence of the topology of the cluster which leads to
(ITO) and point symmetry classification of the functions. This 4, energy spectrum where the energy gap between the ground
procedure is restricted to magnetic clusters formed by a finite spin level 8= 4) and the first excited one&SE 3) is equal to
assembly of identical spins coupled by isotropic interactions. 43 being independent od’ (Figure 6). In fact, the magnetic
To consider also the anisotropic terms of the electronic yroperties have shown to be largely insensitiva toTo account
Hamiltonian (anisotropic and antisymmetric exchanges, single oy the single-ion ZFS of the two Ni(ll) sites, an averagad
ion anisotropy), and the possibility of having different local yajye has been introduced in the fitting. To get a more accurate
spins, we have developed a more general procedure thaljetermination of the magnetic parameters of this cluster (in
expresses these anisotropic terms in terms of complex ¥ Os. particular ofJ' and D) spectroscopic measurements such as

This approach is supported by an efficient computing progfam  inelastic neutron scattering and high-field EPR spectra are being
that allows to treat spin clusters formed by an arbitrary number performed and will be published elsewhere.

of magnetic sitesN, with spinsS,, S, ..., Sy, where each local
spin § can have a different value. The procedure has three of
subsequent steps. In the first step the basis set of spin functionsth
is obtained by a successive spin coupling schefieH S, =
$9+S=S, ....5-11+ S =S where$; = S, = Sz,

Finally, for the quantitative analysis of the magnetic properties
Nig we have also used the numerical procedure. In this system
e size of the problem (the overall states to be considered are
3® = 19683) has imposed the use of a fully isotropic
Hamiltonian, neglecting thus the single-ion anisotropy effects.
Still these effects are somewhat accounted by the intertriangular
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weaker antiferromagnetic exchange between the triangles (Fig-of synthesis, the other divalent metals (Co, Zn, Mn, and Cu)
ure 7 and Table 4). This leads to the stabilization of the lower lead to the series Mor to the monosubstituted Keggin
spin states in such a way that t8e= 0 spin state becomes the complexes.

ground state of théig cluster. An interesting result of this (iii) From the magnetic point of view, we have shown that
analysis is that the intratriangle exchange parameter obtainedthese polyoxometalate complexes constitute ideal models for
in this large magnetic cluster compares quite well with those the study of the exchange interactions in highly symmetrical
obtained from the analysis of the simpler clusters=(3.9, 6.8, clusters of increasing nuclearities and controlled magnetic
and 3.9 cmt in Nig, Nig, andNiy, respectively). This confirms couplings. Thus, the ferromagnetic interactions resulting from
the validity of the models and of the magneto-structural the presence of NiQoctahedra sharing edges, has led to the

correlations in these Ni clusters. stabilization of the high-spin stat&s= 3 andS = 4 (for the
. clustersNiz andNig4). These values represent the highest ground
Conclusion spin states reported in polyoxometalate chemistry. On the other

In this work we have reported three novel magnetic clusters hand, in theNis cluster the coexistence of NiCbctahedra
of nickel(ll) obtained by using the B-[P¥®34]°" ligand. Three sharing edges and corners has led to the observation for the
main points must be emphasized: first time of a coexistence of competing ferromagnetic and
(i) From the chemical point of view, we have illustrated how antiferromagnetic exchange interactions in the same cluster.
polyoxometalate chemistry allows to increase the number of Owing to the topology of the cluster, these antiferromagnetic
exchange coupled magnetic centers from 3 to 9 using preformedinteractions should give rise to spin frustration effects within
building blocks. A remarkable result has been the preparation the cluster.

in good yields ¢-30%) of the large polyoxometalate [JjDH)s- Acknowledgment. We thank the Spanish DGICYT and
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Cay cluster. _ _ _ magnetometer.
(if) From the structural point of view, we should notice the

discovery of an unprecedented polyoxometalate complex derived ~Supporting Information Available: Listings of the anisotropic

from the Keggin structure: the anion [E{H20)s- thermal parameters, selected bond lengths, and selected bond angles
(PW10039)H;0]7~. The structure of this anion was the subject for Nig andNig (16 pages). Ordering information is given on any current

of a previous communicatioi.It is to be noticed that only the masthead page.

Ni(ll) derivative has been prepared. Under the same conditions 1C9807902



